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Introduction

Summary

Although interleukin 13 (IL-13) is an important mediator of asthma and
allergic diseases, the molecular mechanisms regulating IL-13 gene expres-
sion are not well understood. This study was designed to define the
molecular mechanisms governing IL-13 gene expression in T cells. IL-13
expression was examined in human peripheral blood T cells and in the
EL-4 T-cell line by enzyme-linked immunosorbent assay and reverse-tran-
scription polymerase chain reaction. An IL-13 promoter deletion analysis
was performed using luciferase-based reporter plasmids transiently trans-
fected into EL-4 cells by electroporation. DNA binding factors were inves-
tigated using electrophoretic mobility shift assays. In contrast to IL-4
expression, which required concomitant activation of calcium- and pro-
tein kinase C- (PKC-) dependent signalling pathways, PKC activation
alone was sufficient for IL-13 protein secretion in mitogen-primed (but
not resting) peripheral blood T cells, and for IL-13 mRNA expression and
promoter activity in EL-4 T cells. Promoter deletion analysis localized a
phorbol 12-myristate 13-acetate (PMA) -sensitive element to a proximal
promoter region between —109 and —79 base pairs upstream from the
IL-13 transcription start site. This promoter region supported the binding
of both constitutive and PMA-inducible nuclear factors in gel shift assays.
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Jurkat cells."’ Kishikawa et al. recently reported that
GATA-3 was able to activate the proximal IL-13 promo-

Interleukin-13 (IL-13), a T helper 2 (Th2) cytokine, has
recently emerged as a critical mediator of immune and
inflammatory responses including allergic asthma.'™ It
may also promote tumour cell growth® and inhibit
tumour immunosurveillance.” Thus a detailed under-
standing of the molecular regulation of IL-13 gene
expression is an important goal. The regulation of IL-13
gene expression is co-ordinated with that of other Th2
cytokines, in part as a result of chromatin remodelling at
the Th2 locus.®® In sharp contrast to IL-4 gene tran-
scription, which is known to be regulated by the binding
of numerous enhancing and repressing trans-acting fac-
tors to a complex proximal promoter,'®™"? relatively few
factors have been shown to regulate IL-13 transcription.
Dolganov et al. identified a potential nuclear factor of
activated T cells (NFAT) site in the human IL-13 pro-
moter which was required for promoter activity in
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ter, and identified a putative GATA-3 binding site con-
tained therein.'"* Calcium signalling and NFAT play
particularly important roles in regulating IL-4 gene
transcription.'>'®  Because calcineurin antagonists can
paradoxically enhance IL-13 expression in different
experimental settings,'” ' the exact role of this pathway
in IL-13 gene regulation remains uncertain.

We recently showed that IL-13 gene expression is
regulated at the level of de novo transcription in mito-
gen-activated mouse splenocytes,” and wanted to iden-
tify the cis-elements and trans-acting factors involved in
IL-13 transcriptional regulation. We synthesized a panel
of IL-13 promoter reporter constructs and identified
the EL-4 mouse T-cell line as a useful model because
endogenous IL-13 gene expression and transiently trans-
fected reporter constructs were regulated similarly in
these cells. Here we show that a minimal construct
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containing only 109 base pairs (bp) of the IL-13
promoter is sufficient for PMA-induced IL-13 promoter
activity in EL-4 cells. We compared the regulation of
IL-13 gene expression in cell lines and primary human
T cells, and analysed the nuclear factors binding to this
promoter region using the electrophoretic mobility shift
assay (EMSA).

Materials and methods

Cells, cell lines and enzyme-linked immunosorbent assay
(ELISA)

Peripheral blood T cells were purified from whole blood,
taken from healthy volunteers, using the Ficoll cell separ-
ation technique and were cultured for 72 hr in the pres-
ence of 5 pg/ml phytohaemagglutinin (PHA; Calbiochem,
San Diego, CA) and washed prior to restimulation. In
some experiments, CD4" T lymphocytes were obtained by
negative selection (RosetteSEP, Stem Cell Technologies,
Vancouver, BC, Canada) and analysed without priming
with PHA. Volunteer subject recruitment and phlebotomy
were carried out using protocols approved by the Johns
Hopkins Bayview Institutional Review Board. EL-4 cells
(American Type Culture Collection, Manassas, VA) and
Jurkat cells (courtesy of Jack Strohminger, Harvard Uni-
versity) were maintained in Iscove’s modified Dulbecco’s
medium (Life Technologies, Gaithersburg, MD) supple-
mented with gentamycin and 50 um B-mercaptoethanol
(Life Technologies). Supernatants from 2 x 10° to 5 x 10°
cells activated as in Fig. 1 were analysed for cytokine
secretion by ELISA using standard kits [those for human
IL-4 and IL-13 purchased from BioSource (Camarillo,
CA, USA) and Immunotech (Fullerton, CA), respectively;
that for mouse IL-13 obtained from R & D Systems
(Minneapolis, MN)].

(@  IL-13 (b) L4
800 P<0-02 457
700 - - gg: .
€ 6007 E 30-
2 500 1 2 25-
o 4007 ¥ 201 .
_ 300 7 1 = 15+
~ 200 A 10
100 5
0- 0-
A23187: - + - +  A23187: - o+ — +
PMA: - - + + PMA: - - + +

Figure 1. Signal requirements for IL-13 and IL-4 protein expression
in mitogen-primed human peripheral blood T cells; 1 x 10° cells
were incubated with or without the Ca®" ionophore A23187 or PMA
as indicated, followed by analysis of cytokine secretion by ELISA (see
Materials and methods). Data are the mean + SEM of n = 5 differ-
ent subjects. Asterisk indicates P < 0-05 compared to unstimulated
cells, which secreted undetectable levels of either cytokine.
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Plasmid construction

Genomic DNA was isolated from dispersed splenocytes that
had been harvested from A/J mice as described elsewhere.?°
IL-13 promoter fragments were amplified from genomic
DNA by polymerase chain reaction (PCR). The following 5’
primers were used with a constant 3’ primer annealing at
position +33 (numbers refer to nucleotides relative to the
putative transcription start site according to ref. 21): —691
to —666: CACTGGCAGAATTAGCATCAGAAGAG; — 501
to —478: CCATGCATTGCTTTGGTGATTTAT; —262 to
—239: ATTACTGGGGCGGAAGTTAGCTTT; -109 to
—80: ATTCAAGATGAGTAAAGATGGGGTTTTCAG; - 51
to —30: GTGAGGCGTCATCACTTTGGTT; +33 to +8:
AGAGAACCAGGGAGCTGTAGAACTGT.

Primers were ligated in proper orientation into the
HindlIlIl and BgIII sites of pGLs;.Basic (Promega, Madison,
WI). All PCR products were sequenced to ensure accurate
replication.

Cell lines and transfections

EL-4 cells (12 x 10°%) were transfected via electroporation
with 20 pg reporter plasmids using the Bio-Rad Gene Pul-
ser (Bio-Rad, Hercules, CA; 250 V and 960 pF). Cells were
allowed to recover for 18 hr then stimulated with A23187
(0-5 um; Calbiochem, San Diego, CA) and phorbol 12-myr-
istate 13-acetate (PMA; 20 ng/ml, Calbiochem), either
alone or in combination. Eighteen hours later, cells lysates
were analysed on a Monolight 3010C luminometer (Analyt-
ical Bioluminescence, Gaithersburg, MD) using a luciferase
assay kit (PharMingen, San Diego, CA). Multiple different
preparations of each reporter plasmid were used. Transfec-
tion efficiency under these conditions averaged 15% (deter-
mined using a cotransfected green fluorescent protein
vector, data not shown). In some experiments, cells were
cotransfected with an AP-2 expression vector (kindly provi-
ded by Dr Trevor Williams, University of Colorado Health
Sciences Center) followed by analysis of reporter gene
expression using luminometry.

Reverse transcription (RT) PCR

Total cellular RNA was harvested using the RNeasy RNA
isolation kit (Qiagen, Valencia, CA) from 5 X 10° EL-4
cells after a 4-hr stimulation with 0-5 pm A23187 (Calbio-
chem) and 20 ng/ml PMA (Calbiochem), either alone or
in combination. RT-PCR was conducted using Super-
script II reverse transcriptase and Taq polymerase (Life
Technologies) at an annealing temperature of 60° for
30 cycles using the following primers: mouse IL-13 5
CAGCATGGTATGGAGTGTGGACCT; mouse IL-13 3
ACAGCTGAGATGCCCAGGGAT; and mouse B-actin
5 GTGGGCCGCTCTAGGCACCA; mouse f-actin 3/
TGGCCTTAGGGTGCAGGGGG.
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PCR products were analysed by agarose gel electrophor-
esis and ethidium bromide staining.

Nuclear extracts and EMSA

Nuclear extracts were isolated from Jurkat and EL-4 cells
and were analysed by EMSA as described previously,'"'?
using the following oligonucleotides and their comple-
ments: IL-13 Pug (- 138 to —116) 5 GCGACAC
TGGATTTTCCACAAAG 3'; Probe I (- 109 to —79) 5
ATTCAAGATGAGTAAAGATGTGGTTTTCAGA 3'; Probe
II (-93 to —68) 5 GATGTGGTTTTCAGATAATGC
CCAACAAAG 3'; Probe III (- 78 to —51) 5 TAATG
CCCAACAAAGCAGAGACCAGGG 3'. The nuclear fac-
tor-kB (NF-kB) consensus oligonucleotide (PRD-II site)
was from the IFN-pB gene.”> EMSAs were performed using
5 pg nuclear protein and probes were radiolabelled inter-
nally using random priming and the Klenow fragment.
Each reaction condition contained 0-8 pg poly dG:dC
(Pharmacia, New Jersey, NJ), 84 mm KCI, 34 mm NaCl,
7% glycerol, 20 mm HEPES (pH 7-5), 1 mm dithiothrei-
tol, and 0-1% nonidet-P40 in a final volume of 10 pl.
Free probes and protein-DNA complexes were resolved
by 5% polyacrylamide gel electrophoresis with 0-5x Tris
Borate EDTA (TBE). In competition studies, nuclear
extracts were incubated with 50-fold molar excess unla-
belled oligonucleotides containing binding sites for: NFAT
(human IL-4 promoter P1 sequence 5 TGAGTTTACATT
GGAAATTTTCGTTACACCAGATTG 3') AP-1, AP-2,
CREB, OCT, GRE, and GATA (all from Promega). In
pilot experiments, a 50-fold molar excess resulted in opti-
mal competition in these experiments. In antibody assays,
extracts were incubated with 1 pg specific antibodies
directed against NFATp (Upstate, Waltham, MA), AP-2
(Geneka, Montreal, Canada), and isotype-matched con-
trols for 1 hr at 4° prior to polyacrylamide gel electro-
phoresis.

Results

Different signalling requirements for expression
of IL-4 and IL-13 protein in human peripheral blood
T cells

Previous studies have suggested that gene expression of
IL-4 and IL-13 is regulated by distinct signals.'” We used
mitogen expanded human peripheral blood T cells and
compared IL-4 and IL-13 protein secretion using pharma-
cological stimuli to activate either Ca** or protein kinase
C (PKC) -dependent signalling pathways. We found that
maximal expression of IL-4 protein required costimula-
tion of Ca** and PKC-dependent pathways (Fig. 1b), and
that there was a slight but significant increase in IL-4 pro-
tein when cells were treated with the Ca®" ijonophore
A23187 alone. In contrast, the signals necessary for IL-13
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PMA-inducible pathway of IL-13 gene expression

expression were strikingly different, requiring only PKC-
signalling for maximal activation (Fig. la). In fact,
costimulation with A23187 inhibited PKC-induced IL-13
secretion in PHA-primed peripheral blood T cells
(P < 0:-02, Fig. 1a). We next determined if the distinct
signal requirements found in mitogen-primed peripheral
blood T cells were also observed using resting CD4"
lymphocytes. Peripheral blood CD4" cells were isolated
and stimulated with PMA, with and without A23187, fol-
lowed by analysis of cytokine secretion by ELISA. In these
experiments, PMA alone induced only modest IL-13
secretion; maximal IL-13 secretion required costimulation
with A23187. The amounts of secreted IL-13 protein were
45 + 14 and 634 + 58 pg/ml from 1 x 10° cells stimulated
with PMA alone versus PMA plus A23187, respectively
(n = 3, mean £ SEM, both P < 0-05 versus resting cells
which produced undetectable levels of IL-13). The signal
requirements for maximal IL-13 secretion in mitogen-
primed T cells (PKC-dependent, calcium-independent)
are therefore different from those in freshly isolated cells
(PKC- and calcium-dependent).

PKC pathways alone are sufficient for IL-13 gene
expression in EL-4 T cells

We previously found that IL-13 gene expression is modu-
lated at the level of de novo transcription in mouse
splenocytes.® To study the transcriptional regulation of
IL-13 gene expression, we used the mouse EL-4 thymoma
line because these cells express several transcription fac-
tors that are relevant for cytokine gene transcription
(such as GATA-3,% and see below), and that can be reli-
ably transfected by electroporation. We first studied
endogenous IL-13 gene expression using RT-PCR and
ELISA and found that IL-13 mRNA expression and pro-
tein secretion were maximally induced in EL-4 T cells
by PKC activation alone (Fig. 2 and data not shown).

A23187: - + - +
PMA: - - + +
-.4.
- <— IL-13
= & B_aCtin
M 1 2 3 4

Figure 2. Signal requirements for IL-13 mRNA expression. EL-4 T
cells were incubated with or without the Ca®" ionophore A23187 or
PMA as indicated for 4 hr, followed by extraction of total RNA and
analysis of IL-13 expression by RT-PCR (see Materials and methods).
A single transcript of the expected size was detected using both
IL-13 and control B-actin primers (arrows). Data are from one
experiment and are representative of three. M indicates molecular
weight markers.

31



J. C. Keen et al.

Interestingly, similar to the results obtained with mito-
gen-primed human PBT cells, costimulation with A23187
markedly reduced PMA-induced IL-13 mRNA expression
(Fig. 2, lane 4).

The proximal mouse IL-13 promoter is sufficient
for transcriptional activation

We sequenced the mouse IL-13 promoter and com-
pared this with published human IL-13 promoter
sequence data. This analysis revealed that the human
and mouse promoter regions are highly conserved,
especially immediately upstream of their respective tran-
scription start sites (see Fig. 4 and data not shown).
We next performed a detailed deletion analysis using
luciferase-based reporter constructs containing varying
lengths of the IL-13 promoter transiently transfected
into EL-4 cells (see Materials and methods section).
Interestingly, a significant increase in PMA-induced
promoter activity was observed using a minimal pro-
moter construct containing only 109 bp upstream from
the transcription start site (Fig. 3). Deletion of an addi-
tional 58 bp drastically reduced both constitutive and
inducible transcriptional activation. This suggests that
a positive regulatory element resides between —109 and
—51 bp upstream from the transcription start site.
Importantly, the signal requirements required for IL-13
promoter activation were identical to those for the
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Figure 3. Deletion analysis of the mouse IL-13 promoter. EL-4 T
cells were transfected by electroporation with five IL-13 promoter
luciferase-based reporter constructs as well as a promoter-less vector
(pGL3 Basic), and allowed to recover for 24 hr. Cells were then acti-
vated for 18 hr as indicated followed by analysis of reporter gene
expression using luminometry. Data are the mean £ SEM of six
experiments; asterisk indicates P < 0-05 versus unstimulated control
cells. Numbers underneath refer to nucleotides upstream of the tran-
scription start site. The lower panel shows a cartoon diagram of cur-
rently known regulatory elements in the IL-13 promoter including a
polymorphic NFAT site (NFAT*, not included in the constructs in
this report), as well as the Pug and GATA sites (not drawn to scale).
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endogenous IL-13 gene expression (Fig.2) in that:
(1) maximal transcriptional activation was observed
using PMA alone, and (2) costimulation with Ca*" iono-
phore inhibited promoter activity (Fig. 3). Inhibition by
A23187 costimulation was observed using the —109 con-
struct, suggesting that the inhibitory calcium signal is
at least partially NFAT-independent. PMA-inducibility
increased with progressive promoter deletions indicating
that the upstream sequences (e.g. between —501 and
—262) contain negative regulatory element(s), an obser-
vation that was not pursued further in this report.

In a prior analysis of the human IL-13 promoter,
Dolganov et al. reported that an element containing the
sequence ~ "’GGAAAA™ '** was required for transcrip-
tional activity in PMA-stimulated and calcium iono-
phore-stimulated Jurkat cells."” This purine-rich element
(which we term the IL-13 purine-box, or IL-13 Pug)
supported the binding of NFATp in EMSA using T-cell
nuclear extracts.”> We found that related sequences in
the mouse promoter were dispensable for both consti-
tutive and PMA-inducible promoter activity in EL-4
cells (Fig. 3). This apparent discrepancy could be the
result of differences in reporter constructs or cell lines
used. The nucleotides in this region are highly con-
served between mouse and man, with identical purine
residues at the core NFAT site (Fig. 4c), suggesting that
species-dependent sequence divergence is not the sole
contributing factor. Therefore, we next studied the nuc-
lear factors that bound this region using nuclear
extracts isolated from EL-4 (mouse) or Jurkat (human)
T cells in EMSA (Fig. 4). Interestingly, Jurkat cells
express several nuclear factors that interact with an
oligonucleotide containing the IL-13 Pup including a
predominant calcium-inducible factor (complex I,
Fig. 4a). Using specific antisera, we found that complex
I contains immunoreactive NFATp (data not shown).
In contrast, nuclear extracts from EL-4 T cells do not
contain factors that interact with IL-13 Pugp (Fig. 4a,
lanes 6-9). This is not simply the result of protein deg-
radation or of other technical considerations using EL-4
nuclear extracts because these extracts contain abundant
NF-kB (Fig. 4b). Taken together, these results suggest
that the molecular regulation of IL-13 gene expression
involves different DNA-binding factors in EL-4 and Jur-
kat T cells.

A PMA-sensitive factor does not bind between
—78 and —51

To investigate further the factor(s) involved in regulating
PMA-inducible transcription of the proximal IL-13 pro-
moter, we synthesized three overlapping oligonucleotides
spanning the region from —109 to —51 and used EL-4
nuclear extracts in EMSA (Fig. 5a). This region contains
the three potential binding sites for GATA family mem-
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Figure 4. Nuclear factors from Jurkat and EL-4 cells differentially
interact with the IL-13 purine box and an NF-kB consensus
sequence. Nuclear extracts from 5 x 10° Jurkat (lanes 2-5) or EL-4
cells (lanes 6-9) treated as indicated were analysed by EMSA with
(a) oligonucleotides encompassing the IL-13 purine box (IL-13 Pug)
or (b) an NF-kB consensus site (PRD-II, see Materials and methods).
Aliquots of the same extracts and similar exposure times were used
in both panels. (c) Sequence comparison of the human and mouse
IL-13 promoters in the Pug region (corresponding to — 138 to — 116
of the human promoter). Only three nucleotides are different in this
region (underlined), and none of these are contained in the indica-
ted core NFAT binding site.

bers described by Lavenu-Bombled et al.,** including both
consensus and non-consensus GATA-3 sites (Fig. 5). We
found that although each oligonucleotide supported the
binding of constitutive nuclear factors in EMSA (Fig. 5b),
complex formation was enhanced using nuclear extracts
from PMA-stimulated cells only using oligo II (complex
II, Fig. 5b). The formation of complex II was not altered
in extracts from cells stimulated only with calcium iono-
phore (data not shown). We next performed competition
experiments using oligo II with a panel of unlabelled
oligonucleotides containing consensus factor binding sites.
Complex II contained a sequence-specific factor because
its formation was completely prevented by excess self
sequences but not by unrelated sequences (Fig. 6a). Inter-
estingly, despite the fact that oligo II contains a potential
GATA consensus (5 CAGATAA 3’), a 100-fold molar
excess of a competitor GATA oligonucleotide did not
affect the binding of complex II (Fig. 6a, lane 7). In addi-
tion, an anti-GATA-3 antibody did not affect complex II
formation in additional EMSA (data not shown). This
was not because of the lack of nuclear GATA-3 expression
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Figure 5. (a) Sequence of the region between —109 to — 51, inclu-
ding the three oligonucleotides used in EMSA. Three potential
GATA binding sites are underlined. See text for details. (b) Nuclear
extracts were prepared from EL-4 T cells treated with and without
PMA for 4 hr, and then analysed by EMSA using the three oligo-
nucleotide probes as in (a). Each oligonucleotide supported the
binding of one prominent constitutive complex (arrowheads). Com-
plex formation was noticeably enhanced by PMA only using oligo II
(complex II, lanes 3 and 4). Results are from one experiment that
was representative of three. The exposure time for oligo I was
approximately half that of oligo II and oligo III (8 hr versus 18 hr).

in EL-4 cells, which we confirmed by Western immuno-
blot analysis (Fig. 6b).

Interestingly, an AP-2 consensus oligonucleotide
strongly competed for the formation of complex II
(Fig. 6a, lane 4). Other consensus sequences including
NFAT, AP-1, GRE, CREB and OCT-1, failed to compete,
or competed only weakly, for complex II (Fig. 6 and data
not shown). AP-2 comprises a family of transcription fac-
tors that bind to the sequence 5 CCCAGGCT 3'.* Using
anti-AP-2 antibodies in EMSA, however, we only observed
partial attenuation of complex II without a supershift
(data not shown). Taken together with the lack of an obvi-
ous AP-2 consensus sequence in oligo II, this suggested
that AP-2 or a related factor interacts with low affinity in
this region of the IL-13 promoter. To determine if over-
expressed AP-2 could enhance IL-13 promoter activity, we
cotransfected EL-4 cells with a minimal IL-13 promoter
construct and an AP-2 expression vector and analysed
reporter gene activity by luminometry.

Discussion

Our study provides several novel observations regarding
the regulation of IL-13 gene expression in T cells. We
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Figure 6. (a) A panel of consensus oligonucleotides was used with
nuclear extracts from PMA-treated EL-4 cells and analysed by EMSA
using radiolabelled oligo II. Consensus oligonucleotides contained
binding sites for NFAT (lane 2), AP-1 (lane 3), AP-2 (lane 4), CREB
(lane 5), the GR (lane 6), GATA (lane 7) and Oct (not shown). Only
the portion of the gel containing complex II is shown. Arrow indica-
ted complex II, and asterisk indicates a non-specific slower migrating
complex. (b) Nuclear extracts (20 pg) from EL-4 cells treated with-
out (lane 1) or with (lane 2) PMA for 4 hr were analysed by West-
ern immunoblot with an anti-GATA-3 antibody. Equal lane loading
was ensured by stripping and re-probing for B-actin. (c) Overexpres-
sion of AP-2 enhances IL-13 promoter activity in cotransfection
assays. EL-4 T cells were transfected with an IL-13 promoter con-
struct containing 109 bp of the proximal promoter (5 pg) together
with increasing amounts of an AP-2 expression vector as indicated.
After 18 hr, cells were stimulated for an additional 18 hr as indicated
and reporter gene expression was analysed by luminometry. Data are
from one experiment, representative of n = 3.

found that the signal requirements for IL-13 gene expres-
sion are different in mitogen-primed T cells compared to
freshly isolated, unprimed peripheral blood T cells. Acti-
vation of the PKC pathway alone was sufficient for IL-13
gene expression and promoter activity in mitogen-primed
PBT cells, whereas coactivation of calcium signalling
pathways provided an inhibitory signal. We found similar
signalling requirements for IL-13 gene expression in the
mouse EL-4 thymoma T-cell line, with maximal activa-
tion of IL-13 protein secretion, mRNA expression and
promoter activity achieved with PKC signalling alone.
Further characterization of the promoter revealed a PMA-
sensitive element between —109 and —51 bp upstream
from the transcription start site. Oligonucleotides from
this region supported the binding of a PMA-inducible
complex in EMSA which was competed for by an AP-2
consensus oligonucleotide, and overexpression of AP-2
enhanced IL-13 promoter activity in cotransfection assays.
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Because PHA is a mitogen that mimics antigen-induced
clonal expansion, we interpret our data to mean that the
signal requirements for IL-13 expression in clonally expan-
ded T cells (PKC-dependent, calcium-independent) are
distinct from otherwise non-expanded lymphocytes (PKC-
and calcium-dependent). There are three physiological
implications of this conclusion. First, our data suggest
that in activated T cells maximal IL-13 expression can be
achieved independently of the canonical T-cell receptor
activation pathway by cell surface receptors that are cap-
able of activating PKC only. Interestingly, there is growing
evidence that signalling by the PKC pathway favours Th2
immune responses.”®?’ The identity of these receptors,
and whether they could amplify IL-13 gene expression in
allergic inflammation, remains to be determined. Potential
candidates include G-protein-coupled receptors such as
the histamine or lysophosphatidic acid receptor (ref. 28
and Rubenfeld J et al. submitted for publication). Second,
altered peptide ligands with reduced T-cell receptor affin-
ity have been shown to induced weak calcium signals
and to promote Th2 responses.”>* Although currently
unknown, if these ligands still promote PKC signalling
then this could lead to IL-13 secretion in mitogen-primed
cells. Third, our results suggest that drugs that antagonize
the calcium/calcineurin pathway alone will not be effective
in diseases characterized by activated T cells secreting
IL-13 (e.g. allergic asthma). Rather, PKC inhibitors may
be more effective in this regard.

Our results with mitogen-primed PBT are in keeping
with prior studies of IL-13 gene expression in lympho-
cytes. For example, Luttman et al. reported that PMA
alone can induce IL-13 (but not IL-4) expression in
PHA-primed peripheral blood mononuclear cells.® The
precise mechanism of this effect requires further study.
Furthermore, several groups have reported that calcineu-
rin antagonists enhance IL-13 expression in lympho-
cytes."” " Our results demonstrate that at least part of
the inhibitory calcium signal is mediated at the transcrip-
tional level by the proximal IL-13 promoter. Two obser-
vations suggest that this is not the result of a direct
repressive effect of NFAT on IL-13 transcriptional regula-
tion. First, we found that a proximal promoter construct
lacking the NFAT binding site (=109 luc) was still inhib-
ited by coactivation of the pathways for PKC and cal-
cium. Second, overexpression of NFAT can enhance IL-13
promoter activity.”! Therefore, the exact mechanism by
which calcium signalling inhibits IL-13 in these models
remains to be determined.

In a prior analysis of the human IL-13 promoter,
Dolganov et al. reported that the purine-box ~ '’GGA
AAA™'*? which bound NFATp in EMSA, was required
for transcriptional activity in PMA-stimulated and cal-
cium ionophore-stimulated Jurkat cells.13 Our results
indicate that comparable sequences in the mouse IL-13
promoter are dispensable for promoter inducibility in
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transiently transfected EL-4 cells (Fig. 3). Interestingly, we
also found that although EL-4 cells contain abundant
NF-kB, they are devoid of nuclear factors that recognize
IL-13 Pup in DNA binding assays (Fig. 4). Taken together
these results suggest that IL-13 gene regulation occurs in
a distinct fashion in these two cell lines. In a previous
study of IL-4 gene regulation, Takemoto et al. found that
immunoreactive NFATp bound to two out of four IL-4
promoter P elements using EL-4 nuclear extracts.’”
Because each of the P elements readily supports the bind-
ing of recombinant NFATp in vitro,” this suggests that
the binding of nuclear NFATp is determined by the pro-
moter context. Therefore, the lack of NFAT binding to
IL-13 Pup may indicate that it is a relatively weak NFAT-
binding site, and could also reflect relatively low expres-
sion of this factor in EL-4 cells. Future experiments will
be needed to distinguish between these (and other) possi-
bilities. The deletion analysis and reporter sequences
examined in this report are downstream of the recently
reported C-T polymorphism at position —1055 of the
human IL-13 promoter.”* Interestingly, this polymorph-
ism appears to correlate with both asthma and COPD in
different human kindreds.***’

Our results confirm the recent report by Kishikawa
et al. who found that the proximal IL-13 promoter was
expressed in a T-cell-dependent manner in transfection
assays.'* We also found that a minimal construct contain-
ing only 109 bp of the IL-13 promoter was sufficient for
inducibility in EL-4 cells (Fig. 3). Lavenu-Bombled et al.
recently reported that GATA-3 can activate the mouse
IL-13 promoter by binding up to three proximal promoter
sequences including ~ '"*AGATGA™ *° (site 1), ~ *AGAT
GT™* (Site II), and ~ **CAGATA™ " (site III).** How-
ever, in multiple experiments we were wunable to
demonstrate sequence-specific binding of GATA-3 to this
region, despite abundant nuclear expression of this factor
(Fig. 5, and data not shown). This may be because the
affinity of GATA-3 for individual IL-13 promoter binding
sites appears to be relatively low, and DNA binding
was only observed under conditions of protein excess.*
However, it remains formally possible that in addition to
complex II, GATA-3 (or other factors) could bind in a
PMA-dependent manner to additional oligonucleotides
spanning the —109 to —52 region. Examining transcrip-
tion factor binding to the native promoter may answer, at
least in part, some of these questions.

In EL-4 cells, we found that PMA alone induced both
IL-13 mRNA expression (Fig. 2) and promoter activity
(Fig. 3). We localized the PMA response element to a
region between nucleotides — 109 and — 51 upstream from
the transcription start site, and found by EMSA that
oligonucleotide IT (= 93 to —64) supported the binding
of both constitutive and PMA-inducible factors. Competi-
tion experiments showed that these complexes were effect-
ively competed for by an AP-2 consensus oligonucleotide,
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and overexpression of AP-2 enhanced the activity of a
minimal IL-13 promoter construct. AP-2 comprises a
family of developmentally regulated transcription factors
that controls the expression of a diverse array of genes
including some cytokines.”>***” It is well established that
AP-2 is a PMA-inducible factor that can mediate phorbol
ester-induced gene transcription.”®>® However, the precise
link between PMA/PKC-signalling and AP-2 activation
remains unclear, and recent studies have highlighted the
importance of cofactors*® and post-translational modifica-
tion*! in regulating the transactivating ability of AP-2.
Overexpression of AP-2 resulted in an enhancement of
basal promoter activity that was further augmented by sti-
mulation with PMA. This is consistent with a model in
which IL-13 promoter activity is regulated by the expres-
sion and PMA-induced post-translational modification of
AP-2. Our observation that anti-AP-2 antibodies only
weakly affected the formation of complex II suggests that
this factor binds with low affinity to the proximal IL-13
promoter, possibly in concert with other DNA-bound
transcription factors. This is reminiscent of the ability of
T-bet to transactivate the interferon-y promoter with
apparently very low affinity DNA-binding that is not
detectable by standard gel shift assays.*>*> In summary,
we conclude that IL-13 transcriptional regulation involves
multiple promoter regulatory elements including a novel
PMA-responsive region. A better understanding of the
molecular pathways involved in IL-13 gene regulation
may lead to the development of novel therapies for
asthma and related diseases.
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